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Abstract 

 

Energy distributions of ions generated in hollow cathode low pressures dc discharges of different 

gases and gas mixtures containing Ar, H2, N2, O2 or CH4 are studied by quadrupole mass 

spectrometry. The ions are sampled through a small diaphragm in the grounded cathode. The 

measured distributions are mostly determined by the acceleration of ions in the sheath region 

between the negative glow and the cathode, displaying in general a narrow peak centred at energies 

close to the anode potential, but with specific features for the distinct ions. It is shown that 

information about ion production and sheath collision processes can be derived from the shapes of 

the different energy distributions. In some cases these distributions are used for the estimation of the 

relative abundance of ions with the same mass/charge ratio but different composition in complex 

gas mixtures.   
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1. Introduction  

 

Quadrupole mass spectrometry finds extensive application for the identification of ion and 

neutral species in reactive plasmas generated in low pressure glow discharges. In contrast with more 

selective detection techniques, often highly sensitive but specific for a few species like high 

resolution spectroscopic techniques [1-4] with lasers tunable in narrow spectral regions, mass 

spectrometry allows the detection of a large number of stable molecules [5,6], ions [7], and even 

radicals [8, 9].  

 Mass spectra of neutrals are usually affected by fragmentation at the ionization region of the 

detector, which may hinder an unambiguous assignment of the parent species. Several techniques 

have been developed to counter this problem, such as selective condensation in cryogenic traps 

[10], decomposition of multicomponent mass spectra using Bayesian probability theory [11] and 

ionization at the threshold energy [8,9], also known as appearance mass spectrometry [12,13], 

among others.  

 Mass spectrometry of ions coming directly from the discharge is not affected by 

fragmentation problems and the technique allows often the direct sampling of the actual ion 

composition in a given plasma and to obtain its ion energy distributions (IED). The analysis of ion 

translational energies can be crucial for the understanding of erosion and deposition processes in 

plasma assisted surface treatments [14, 15], and can provide very helpful information on kinetic 

processes taking place inside the plasma [16-20]. The specific energy distributions may be useful 

too for the identification of ions with the same mass/charge (m/q) ratio but different chemical 

compositions, which may be generated by different production mechanisms [21]. 

 In recent works, we have investigated the concentrations of ions and neutrals in cold 

plasmas formed in low pressure hollow cathode DC discharges of air [22], H2 [23] and mixtures of 

H2 with traces of N2 and CH4 [24]. From the comparison of experimental data and model results, 

the key physicochemical processes determining the plasma composition were identified and 

preliminary explanations for some of the ion energy distributions measured were advanced [21-23]. 

In contrast with other type of plasmas (e. g. in RF discharges) where the shapes of the measured 

IED are affected by modulated electric fields, the IED at the cathode of DC plasmas are essentially 

determined by ion acceleration in the sheath, including eventual collisions in this region. In the 

present work, IED for DC plasmas with different gas precursors and discharge conditions are 

studied in more detail. In particular, new results on hollow cathode discharges of Ar, H2+Ar and 

H2+O2 are presented here, as well as the effect of charge transfer reactions as gas pressure increases 

(in Ar and H2 plasmas). Especial attention is also paid to energy excesses observed in the IED, 
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caused by electron impact dissociative ionization processes in H2, N2 and O2 discharges, and by 

stripping reactions in H2+N2 and H2+O2 discharges. 

In hollow cathode discharge reactors, the plasma can be roughly considered to be confined 

into the negative glow region [25,26] (see figure 1). Outside this glow, electrons are scarce. The 

electric field in the negative glow, which fills most of the cathode volume, is close to zero, and ions 

inside the glow diffuse without a net gain of kinetic energy. The energy distributions, are then 

largely determined by the acceleration of the ions in the comparatively thin sheath region between 

the negative glow and the cathode, and are mostly characterized by a narrow maximum (FWHM<2 

eV) at an energy, Em ∼ some hundreds eV, close to that corresponding to the acceleration in the 

anode-cathode potential difference, which indicates that most ions move from the plasma edge 

towards the cathode through a largely collisionless sheath. In general, “wings” of variable 

magnitude can appear at the sides of the narrow peak at lower and higher energies [21]. The aim of 

this work has been to identify distinctive production and collision mechanisms leading to the 

various IED shapes, and to explore the possibility of using these distributions for the discrimination 

between ionic species with coincident (m/q) ratio but different atomic content.  

 

2. Experimental set-up 

 

The experimental set-up has been extensively described elsewhere [22,23] and only a brief account 

of the most relevant details is given here. A sketch of this experimental set-up for the detection of 

plasma ions is shown in figure 1. The reactor consists of a central anode and a grounded stainless-

steel cylindrical vessel (10 cm diameter, 34 cm length) acting as a cathode, with several vacuum 

flanges for gas input and output, and plasma sampling. It is continuously pumped by a 

turbomolecular pump and a dry pump to a background pressure of 10-5 Pa. A butterfly vacuum 

valve at the exit of the reactor and various needle valves at the gas inputs were used for the control 

of the pressure and relative concentrations of the gases in the discharge mixture. A differentially 

pumped Balzers PPM421 Plasma Process Monitor (PPM) with an energy analyzer and a quadrupole 

mass filter was used for the detection of ions. Ions were extracted directly from the plasma through 

a 100 μm diameter sampling orifice in the cathode, so that the measured ion energy is referenced to 

the ground potential. Within the PPM, ions are decelerated and focused with a set of electrostatic 

lenses onto the entrance of the energy analyzer formed by a semicylindrical capacitor [27] with an 

energy resolution of 0.3 eV. These ions are then mass-filtered with a quadrupole and focused on an 

electron multiplier. The PPM parameters were adjusted for optimum ion signal collection and 

energy resolution, and were maintained at these values during all the experiments, showing no 
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problems with the potential settings. An electron bombardment ionizer placed before the energy 

analyzer is also available for the detection of neutrals, but it has not been used in these experiments.  

Gas pressures ∼ 0.5 – 50 Pa were employed for plasma generation. Below the lower limit, 

the plasma extinguishes, and beyond the higher one, the pressure exceeds ~10-4 Pa in the 

differentially pumped chamber of the mass spectrometer and precludes the use of the PPM detector. 

Precisely within these limits, two-body homogeneous reactions between ions and neutrals become 

relevant in the negative glow for the present reactor dimensions, and start giving rise to a rich and 

complex ion chemistry. Steady-state plasma currents ∼ 150 mA and voltages ∼ 250 – 450 V 

(depending of gas composition and pressure) in abnormal glow discharge conditions were 

maintained during the experiments, with the current stabilized power supply connected to the anode 

through a ballast resistance.  An electron gun was used for plasma ignition. Electron temperatures 

and densities were measured with a double Langmuir probe and had typical values of ne≈ 1010 cm-3 

and Te= 3-8 eV for the plasmas under study [22,23], assuming a Maxwell distribution. From charge 

density measurements, a rough estimation of absolute values of ion concentrations in the negative 

glow and ion fluxes to the cathode has been deduced in previous works for the diverse ion species 

[22,23] under conditions of no significant charge-transfer collisions in the sheath. 

 

3. Results and discussion 

 

Figures 2.a and 2.b display the IED of the simplest plasmas studied in the present experiments. 

They correspond to non reactive atomic plasmas of Ar, at 0.7 Pa and 4 Pa respectively.  Energy 

shifts of the peaks for this and the other plasma precursors are mainly due to changes of the plasma 

conductivity with pressure, for a constant electric current value (150 mA) crossing the discharge 

and the ballast resistance.  For the lower pressure, narrow peaks with Em close to the anode-cathode 

fall potential can be clearly seen for Ar+ (m/q=40) and Ar++ (m/q=20), which reflect the narrow 

velocity distribution of the ions in the cold plasmas under investigation. Note that doubly charged 

ions gain two times the energy of singly charged ions. For convenience, the energy distributions 

IED are expressed in terms of the reduced variable E = Ekin/q, where Ekin is the kinetic energy at the 

cathode and q, the ion charge. 

Most of the detected Ar ions cross the thin sheath region without energy loss, and give rise 

to the sharp peaks mentioned above. The very weak asymmetric low energy tails of Ar+ and Ar++ 

are due to the detection of ions reaching the sampling orifice at the cathode wall with smaller 

energies or with incidence angles lower than 90º. An entirely different distribution, monotonically 

decreasing with growing E, is obtained for the higher pressure. In this case, virtually all Ar+ ions 
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reaching the detector have been decelerated in sheath collisions. The main energy loss mechanism 

is in this case symmetric charge exchange. Ar+ ions leaving the negative glow are accelerated 

towards the cathode and transfer their charge, but not their translational energy, to neutral atoms in 

the sheath, these secondary ions are then accelerated from the point where they are formed and do 

not reach the energy corresponding to the full cathode fall potential. Depending on the gas pressure 

this process can be repeated several times in the sheath. An analytical expression for the resulting 

ion energy distribution in this type of collisional sheath was derived by Davis and Vanderslice [28] 

with a simple model assuming a linear potential fall between plasma and cathode and an average 

cross section for symmetric charge exchange over the collision energy range. Experimental 

measurements have repeatedly validated this simple model (see for instance [29,30]). The relevant 

parameter in the IED provided by the model of Davis and Vanderslice is the quotient between the 

sheath width, S, and the mean free path, λ. A fit of our experimental IED for a pressure of 4 Pa 

(figure 2.b) yields S/λ= 9, which is a measure of the number of collisions in the sheath. This value is 

consistent with an average cross section of ~ 4 × 10-15 cm2 [31,32] and with a sheath width of ~ 1.5 

cm, which is reasonable for the conditions of our plasma. The shape of the IED for Ar++  is much 

less distorted by the pressure increase, revealing that charge transfer processes in the sheath are 

much less efficient for the doubly charged ion, its average cross section being ~ 7 · 10-16 cm2  [28, 

33,34] for the range of ion energies involved; i.e., about six times smaller than that of Ar+. Note that 

the ratio of Ar+ to Ar++ is much larger for the higher pressure, due to the fact that the electron 

temperature decreases and thus the proportion of high energy electrons (>50 eV) leading to Ar++ 

ionization is proportionally much smaller. Argon plasmas are commonly used in DC and RF 

sputtering systems, where their ion energy distributions are determinant for sputtering yields [35]. 

Therefore, the relation between ion energy and discharge pressure is of outstanding relevance. The 

role of Ar+ ions and energetic neutrals in hollow cathode discharges, as well as the electric fields 

and the potential distributions, have been recently modelled by Baguer et al [25].  

Cold plasmas dominated by hydrogen (or its isotopes) are significant in many areas of 

materials fabrication, in the plasma wall interaction of controlled fusion devices fuelled by 

deuterium and tritium, and also in astrophysics. The H3
+ ion, which is often dominant in H2 

plasmas, is basic for the generation of a large number of molecules observed in the interstellar space 

[36]. In magnetically confined fusion reactors, the hot plasma core is separated from the walls by a 

cold plasma region where hydrogenic ions can participate in a rich heterogeneous chemistry 

[24,37].   

 Figure 3 displays the energy distributions of ions with m/q = 1, 2 and 3 for the hollow 

cathode H2 discharges, at 2 Pa (figure 3.a) and 20 Pa (figure 3.b). The region around the main peak, 
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which is important for the following discussion, has been enlarged in the insets. For the two 

pressures shown, H3
+ (m/q=3) is the major ion. It is generated mostly in the negative glow by the 

efficient ion molecule reaction [38-40]: 

H2+H2
+ → H3

++ H  k1 = 1.9 × 10-9 cm3s-1     (1)      

Its rate constant is nearly independent of the gas temperature over a wide T range [30], including 

the present room temperature conditions [23]. Through this mechanism, H2
+, initially produced by 

electron impact, is largely converted to H3
+, even at comparatively low pressures [23,24]. Given the 

inefficient interaction of H3
+ with the dominant H2 molecules [38,39], most of the H3

+ ions cross the 

sheath region without perturbation and give rise to intense sharp peaks. This shape remains 

essentially unchanged in spite of the factor ten increase in pressure shown in figure 3. 

 H2
+ (m/q=2) predominates only at pressures low enough to make the mean free path of the 

ions comparable or larger than the size of the negative glow. Under our experimental conditions this 

happens for pressures below ∼ 0.5 Pa [23], but at 2 Pa (figure 3.a) the concentration of H2
+ is 

already much lower than that of H3
+, due mostly to reaction (1). A low energy wing, characteristic 

of efficient collisions in the sheath [38], becomes already appreciable in the IED of H2
+ at 2 Pa. At 

20 Pa (figure 3.b), the small amount of H2
+ ions that have not been transformed to H3

+ undergo 

symmetric change transfer collisions in the sheath, and the corresponding IED becomes a 

monotonic decreasing function of energy similar to that already described for Ar+ (see figure 2.b). 

A fit of this distribution with the model of Davis and Vanderslice, also shown in figure 3.b leads to 

S/λ = 13. This value is consistent with an average charge-exchange cross section of ~ 8.5 × 10-16 

cm2 over the relevant energy range [38], and with a sheath width of ~2 cm.  

 The IED of the H+ ion (m/q=1) deserves special attention. H+ ions can be generated in the 

hydrogen plasma by the processes [39, 41]: 

 H + H2
+ → H++ H2  k2 = 6.4 × 10-10 cm3s-1     (2) 

 H + e → H+ + 2e  k3 = 6.50×10-9×Te
0.49×e-12.89/Te  cm3s-1  (3) 

 H2 + e → H + H+ + 2e k4 = 3.00×10-8×Te
0.44×e-37.73/Te  cm3s-1  (4) 

Where the rate coefficients for electron impact ionization are expressed in terms of the electron 

temperature, Te (eV), for an assumed Maxwell distribution of electron energy. For the two discharge 

pressures considered in figure 3, double Langmuir probe measurements of Te yielded values of 6 eV 

for 2 Pa, and 3 eV for 20 Pa [23]. At  2 Pa (figure 3.a), the energy distribution of H+ is formed by a 

narrow maximum corresponding roughly to the anode-cathode voltage, and a broader peak  

extending ~15 eV toward higher energies. The source of this higher energy ions is reaction (4), 

which takes place through electron excitation from the ground state of H2 (1Σg
+) to dissociative 
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states of the molecule. In particular, for the conditions of the discharge considered, the main 

contribution to reaction (4) is the excitation to the 2Σu
+ dissociative state, which leads to H+ ions and 

H atoms in their electronic ground states, but with high kinetic energy, as shown in figure 4. The 

most probable energy for the corresponding Franck Condon vertical transition is ~ 34 eV [42], 

which is reflected in the high activation energy of reaction (4). Experiments with electron beams 

[42-44] show that the H+ ions generated in this process have broad energy distributions peaking at ~ 

8 eV, i.e. the difference between the energy required for the Franck Condon transition and that of 

the free products of dissociation, H and H+, (~ 18 eV) divided between the two particles. In the right 

panel of figure 4 we have represented for comparison our own results of figure 3.a and the H+ 

energy distribution from one of the beam experiments of van Brunt [45], corresponding to an 

electron energy of 75 eV and to a scattering angle of 23º with respect to the electron beam. For the 

case of the present low pressure discharge (∼2 Pa), many of these ions are not thermalized in the 

negative glow and reach the cathode with their “excess” energy, giving rise to the mentioned high 

energy maximum. Note that in spite of the smearing caused by the spread in scattering angles and 

electron energies within the plasma, the energy distribution of the H+ ions reaching the detector 

reflects largely the Franck Condon dissociative ionization. The similitude between the IED of H+ 

ions from the bulk of the plasma and that of the beam experiments might be striking at first sight, 

but one must consider that the Franck Condon vertical transition imposes the most favorable energy 

and that the angular smearing is partly removed by the fact that only nascent ions moving roughly 

perpendicular to the cathode wall in the direction of the detector orifice will reach the detector after 

acceleration in the sheath. At the higher pressure (i.e. ∼ 20 Pa), the electron temperature is lower (3 

eV) and the rate coefficient of reaction (4), which is the one producing the fast H+ ions, decreases 

by three orders of magnitude; consequently the higher energy maximum in the corresponding IED 

disappears, as shown in figure 3.b. The higher pressure induces also a low energy tail with a broad 

maximum at about 30 eV below the energy of the main peak. A possible candidate for the 

production of slower H+ could be the reaction: 

H3
+ + H2→ 2 H2 + H+         (5) 

with estimated cross sections [38] of 10-16-10-17 cm2  for the collision energies of the plasma sheath, 

but other inelastic and charge transfer processes are probably involved too. The narrow peak of H+ 

in the IED of figure 3 is due to H+ thermal ions formed in the glow by reactions (2) and (3) and 

possibly by reaction (4) through electronic excitation into the repulsive part of the 2Σg
+ state of H2, 

which correlates also with ground state H and H+. This latter process is possible for electron 

energies beyond ~ 18 eV, but has a low probability due to an unfavourable Franck-Condon factor 

[42-43]. The H atoms involved in reactions (2) and (3) are produced in the discharge through 
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different reactions [23], but they only recombine to give H2 at the reactor surfaces. A comparatively 

high steady-state concentration of hydrogen atoms (typically ~10%) is found for the conditions of 

the discharges shown in figure 3, which is consistent with a small wall recombination coefficient of 

H in stainless steel [23,46]. Note that the dominance of H2 over H as a precursor of H+ can be 

compensated by the fact that the rate constant k4 is at least one order of magnitude smaller than k2 

and k3 for electron temperatures up to Te ∼ 7 eV. 

Ion energy distributions have also been studied for discharges in mixtures of H2 and Ar.  

Ar+H2 discharges are also frequently used for sputtering systems and as a source of atomic 

hydrogen [47]. Figure 5 displays the results for the main ions found in a plasma mixture of H2+Ar 

(7%), at 2 Pa. It can be seen that the concentration of the protonated ions H3
+ and ArH+ exceeds by 

far those of H2
+ and Ar+. The concentration of Ar++ is also relatively high. ArH+ is generated mostly 

by the barrier free reactions [39]: 

 Ar + H2
+  → ArH+ + H       k6 = 2.10·10-9 cm3s-1        (6) 

 Ar+ + H2  → ArH+ + H       k7 = 2.10·10-9 cm3s-1     (7) 

 Ar + H3
+  → ArH+ + H2     k8 = 3.65·10-10 cm3s-1     (8) 

On the other hand, ArH+ recombines with H2 through the reaction [39]: 

 ArH+ + H2  → H3
+ + Ar      k9 = 6.3.10·10-10 cm3s-1     (9) 

Whose rate coefficients are roughly independent of temperature. Note that k8 and k9, which 

correspond to reactions of H3
+ and ArH+ with the prevailing neutral precursors (H2 and Ar), are 

considerably lower than k6 and k7, which involve Ar+ and H2
+ as reactants. H3

+, ArH+ and Ar++ have 

energy distributions (figure 5.a) very similar to that of H3
+ in pure H2 plasmas (figure 3), with a 

sharp peak and a weak tail at lower energies, indicating the low efficiency of collisions with the 

dominant species in the sheath. On the contrary, broad low energy wings, associated with efficient 

inelastic or charge transfer processes like those discussed in the previous paragraphs, can be 

observed in the H+, H2
+ and Ar+ distributions (figure 5.b). The origin of the high energy 

contribution to the IED of H+, analogous to that in figure 3.a, has been also discussed at length 

above. 

 Figures 6 and 7 show the IED for the main ions found in a H2+O2 (20%), 0.7 Pa discharge 

and in a H2+N2 (7%), 2 Pa discharge, respectively. Now, two different diatomic molecules are the 

plasma precursors in each case and, once more, H2 is the major species. The atoms generated in the 

electron impact dissociation of the precursors produce the stable molecules H2O and NH3, 

respectively, in heterogeneous wall reactions [48,49]. The upper panels of figures 6 and 7 display 

IED for the ions proceeding from protonation of the neutral species present in the plasmas; i.e., H3
+, 

H3O+ and O2H+ in H2+O2 plasmas (figure 6.a) and H3
+, NH4

+ and N2H+ in H2+N2 plasmas (figure 
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7.a). All of them have energy distributions quite similar to that of H3
+ in pure H2 discharges, with 

narrow peaks weakly affected by sheath collisions, indicative of their relatively high stability in 

these hydrogen dominated media. Note that H3
+, N2H+ and H3O+ ions belong to the very reduced 

group of ions that have been observed till now in the interstellar medium or circumstellar shells 

[50]. H3O+ and NH4
+ are the most abundant ions in their respective discharges and H3

+ and N2H+ 

are major ions too. H3
+ shows in all the cases the sharpest fall of the narrow peak at low energies. 

The middle panels of figures 6 and 7 show the ions formed directly from precursors and stable 

neutral molecules: H2
+, H2O+ and O2

+ in figure 6.b, and H2
+, NH3

+ and N2
+, as well as the NH2

+ 

fragment of ammonia, in figure 7.b. They exhibit broad wings at low energies, which are found to 

have a marked dependence on pressure (not shown for simplicity) reminiscent of that already 

discussed for Ar+ and H2
+. The lower panels of these figures show the ions whose energy 

distributions contain high energy tails extending appreciably (several eV) beyond the maximum. 

These ions are: H+, O+, OH+ and O++ in the H2+O2 discharge (figure 6.c) and H+, N+, NH+ and N++ 

in the H2+N2 discharge (figure 7.c). Low energy wings are also found in the corresponding IED, 

except for O++ and N++. For these doubly charged ions, present in very small concentrations, a 

possible low energy wing could be below the detection limit.  

The production of fast N+ and O+ ions in electron impact processes has been also studied by 

different groups (see for instance [44] and references therein). In both cases, the predominant 

production mechanism is excitation to a bound electronic state of the molecular ion, followed by 

predissociation. The main predissociating states have been identified in electron beam experiments 

as C2Σu
+ for N2

+ and  B2Σg for O2
+, but other states of the molecular ions are also implied [51-54]. 

The ion kinetic energy distributions of these experiments have one maximum close to zero eV and 

smaller maxima at kinetic energies lower than 5 eV, which is in accordance with the range of the 

high energy shoulders in the IED of N+ and O+ measured in this work (figures 6.c and 7.c). 

Although the global shape is preserved, the finer structure appearing in the kinetic energy 

distribution of the beam experiments is averaged off in our discharges by the spread of collision 

energies and reactants’ orientations. 

High energy tails are also observed in the IED of NH+ and OH+. These ions are formed from 

their respective parent molecules (NH3 and H2O) through electron impact. Although the detailed 

mechanisms of the dissociative ionization of water and ammonia are not so well known as those of 

the diatomic molecules discussed previously, it seems that NH+ and OH+ are formed with little 

kinetic energy (see [55-57] and references therein). Concurrent processes leading to OH+ and NH+ 

would be the ion molecule reactions [39] 

O+ + H2 → OH+ + H  k10 = 1.62 × 10-9 cm3s-1      (10) 
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N+ + H2 → NH+ + H  k11 = 5.0 × 10-10 cm3s-1      (11) 

with large rate coefficients. In these reactions, the comparatively heavy atomic ions formed with 

high kinetic energy through dissociative ionization, behave as “spectators” [58] (i.e. preserve 

essentially their initial momentum during the collision) and pick the light H atom without 

significant velocity change, giving rise to fast OH+ and NH+ ions. These fast molecular ions could 

account, at least partly, for the observed high energy tails of OH+ and NH+. Note that in the H2+Ar 

discharge, the IED of the ArH+ ion, which is not formed in dissociative ionization processes or in 

collisions with fast atomic ions, but rather through reactions (6-8), has no high energy shoulder 

(figure 5.a). The different distributions of doubly ionized atoms in figures 2 and 5-7, with the IED 

of Ar++ spreading to lower energies and those of O++ and N++ displaying only high energy 

shoulders, is also worth observing and suggests the likely formation of O++ and N++ by some 

dissociative ionization process from the corresponding precursor molecules. Formation and charge 

transfer collision processes of doubled charged species like Ar++ and N++ ions have been published 

in the literature [59-61]. Air discharges under similar conditions have also been studied in our 

laboratory [22,62] and the corresponding energy distributions of oxygenic and nitrogenic ions: N+, 

N++, N2
+, O+, O++, O2

+ (not shown for brevity) are very similar to those shown in figures 6 and 7.  

 As discussed in the previous paragraphs, the identification of the physico-chemical 

processes determining the distinct features in the IED is in many cases not possible; in spite of it, 

the specificity of the IED for the different ions (or at least ion groups) can be of great help for the 

discrimination of species with the same mass/charge (m/q) ratio but different chemical composition. 

We will illustrate this point with examples from discharges in mixtures of H2 with small amounts 

(5%) of CH4 and/or N2 at 2 Pa. Discharges of H2+CH4 are frequently used in plasma-enhanced 

chemical vapour deposition of diamond-like and amorphous hydrogenated carbon (a-C:H) films 

[63,64]. In these plasmas, hydrogenic ions contribute to the formation of CxHy
+ species, which can 

play an important role in film growth [65]. N2 was introduced in hydrocarbon plasmas in an attempt 

to synthesize crystalline β−C3N4, a material with predicted properties superior to those of diamond 

[66], but these studies showed that incorporation of nitrogen to the growing film is difficult; and 

furthermore, its presence can even hamper film formation [67]. The inhibition of a-C:H film growth 

by N2 has turned out to be of interest for nuclear fusion reactors in order to avoid the formation of 

carbon deposits rich in radioactive tritium in parts of the device not directly exposed to the hot 

plasma [15,68-69].  

 An overall picture of the chemistry underlying the ion distributions in the H2+CH4+N2 

discharges considered was given in [24]. In these plasmas, carbon and nitrogen containing ions 

contribute often to the same mass spectral peak. In particular, CH2
+ and N+ ions coincide at m/q = 
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14, whereas CH3
+ and NH+ coincide at m/q = 15. The same situation occurs for some heavier ions 

like CH5
+ vs. NH3

+, C2H5
+ vs. N2H+, and so on. In figures 8 and 9, the separated IED at m/q= 14 

(figure 8) and m/q= 15 (figure 9) for the three plasma precursor mixtures mentioned above are 

displayed. The results from the binary mixtures H2+CH4 and H2+N2 are shown in the upper panels 

and those from the ternary mixture H2+CH4+N2, in the lower ones. The energy scales have been 

conveniently shifted for the different discharges, so that the Em values coincide at the same position. 

Different IED shapes are observed for both masses, 14 and 15 a.m.u, depending of the precursor 

mixture. So, in the H2+CH4 discharge, low energy wings are observed for the two masses, 

corresponding to CH2
+ and CH3

+, whereas these wings do not appear in the H2+N2 discharge 

(Figures 8.a, 9.a), where the detected ions are N+ and NH+. The sums of the independent IED 

distributions of H2+CH4  and H2+N2 plasmas for m/q = 14 and 15 are also shown in figures 8.b and 

9.b, respectively. These sums are found to be coincident with the IED distributions corresponding to 

the H2+CH4+N2 discharges. From the comparison of these data it is possible to deduce that in the 

H2+CH4+N2 plasma, CH2
+ and N+ ions (m/q = 14) are present in comparable amounts (∼ 50%) 

(figure 8), whereas the contribution of NH+ to m/q = 15 is roughly 5%, and CH3
+ turns out to be 

much more abundant (figure 9). These findings provide an unambiguous verification of our 

previous estimate based on the comparison of the relative integrated ion signals [24]. The likely 

mechanisms for the production of N+ and NH+ ions in H2+N2 plasmas have been discussed above. 

The complexity of the chemistry in hydrocarbon plasmas is much higher but still some global 

considerations can be made about the results of figures 8 and 9. The peaks centred at about Em  

correspond to ions coming directly from the glow region, whereas the  low energy contributions to 

the global IED are due to inelastic collisions or ion molecule reactions in the sheath. It is interesting 

to observe that the ratio between the Em peak and the lower energy contribution is much smaller in 

the case of m/q=14 than in that of m/q=15, which suggests that collisions of CH2
+ with H2 (the 

dominant species) are much more efficient than those of CH3
+ over the collision energy range 

pertinent to the sheath (approximately 0-350 eV). 

 

4. Summary and conclusions 

 

Energy distributions of ions reaching the cathode in low pressure DC plasmas have been measured. 

Different gases and gas mixtures including Ar, H2, N2, O2 and CH4 were used as plasma precursors. 

The analysis of the energy distributions has provided interesting clues about physicochemical 

processes within the glow region or in the plasma sheath. For the lowest pressures investigated 

(<2Pa), most ions reach the cathode with an energy gain close to that corresponding to the anode-
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cathode potential difference, and contributions at higher energies reflect the occurrence of 

dissociative ionization processes within the glow. The evolution of these high energy contributions 

with discharge conditions, and especially with gas pressure, is sensitive to the electron temperature 

in the plasma. With increasing gas pressure, the energy distributions can be significantly distorted 

by collisions in the sheath. An appraisal of the extent and nature of sheath collisions is in general 

needed to relate the measured ion signals with the actual ion densities in the plasma. In plasmas 

dominated by H2 or Ar, symmetric charge exchange can explain the distortions observed in the H2
+ 

and Ar+ distributions for pressures of several Pa.   

 Protonated ions like H3
+, ArH+, N2H+, H3O+ and so on show in general a high stability in H2 

media, evinced by the narrow peaks, weakly affected by collisions, and by their high concentration 

as compared with the non protonated ions. 

A comparison of the measured distributions with literature results of electron beam 

experiments has allowed the identification of the main dissociative ionization mechanisms for the 

diatomic molecules (H2, O2, N2) in the plasmas. Other processes determining the various types of 

energy distributions found in the experiments could only be hinted at, but even without a detailed 

explanation of the observed distribution shapes, the specificity of the distributions for different ions 

allowed the discrimination between ionic species with the same mass to charge ratio and different 

composition in plasmas of H2 with N2 and CH4. 

The analysis of ion-energy distribution reported in this work can be extended to plasmas of 

different type or composition where it is expected to provide valuable insight into the underlying 

ion chemistry.  
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Figure captions 

 

Figure 1 Experimental set up showing the hollow cathode discharge reactor geometry and the 

techniques used for the diagnostic of charged species. The negative glow, which constitutes the 

plasma region, characterized by a nearly zero electric field, is indicated, as well as the surrounding 

zone of cathode sheath, with remarkably lower electron density and a large potential fall. 

 

Figure 2 Energy distributions of ions reaching the cathode in Ar dc discharges at 0.7 Pa (a) and 4 

Pa (b). The distribution is represented in terms of the reduced energy E=Ekin/q where Ekin  is the 

kinetic energy and q the ion charge (see text). In (b) the solid curve through the experimental trace 

of Ar+ corresponds to a fit of the data with the model of Davis and Vanderslice [28]. The S/λ 

quotient is the ratio of sheath width to mean free path estimated from this fit (see text). 

 

Figure 3 Energy distributions of ions reaching the cathode in H2 dc discharges. (a) P=2 Pa, (b) 

P=20 Pa. In (b) the solid curve through the H2
+ corresponds to a fit of the data with the model of 

Davis and Vanderslice [28]. The S/λ quotient is the ratio of sheath width to mean free path 

estimated from this fit (see text). 
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Figure 4. Left panel: scheme of the main energy levels involved in the electron impact dissociative 

ionization of H2 (adapted from [42]. Right panel: energy distributions of the H+ ions produced. The 

solid line corresponds to the results of Fig 3a. The energy origin has been placed at the maximum of 

the narrow peak (i.e. ≈ anode-cathode potential difference). The symbols correspond to the electron 

beam measurements of van Brunt [45] for electron energy of 75 eV and scattering angle of 23º  

 

Figure 5 Energy distributions of ions reaching the cathode in a dc discharge of H2 + Ar (7%) at a 

total pressure of 2 Pa. 

 

Figure 6 Energy distributions of ions reaching the cathode in a dc discharge of H2 + O2 (20%) at a 

total pressure of 2 Pa.  

 

Figure 7 Energy distributions of ions reaching the cathode in a dc discharge of H2 + N2 (7%) at a 

total pressure of 2 Pa.  

 

Figure 8 Energy distributions of CH2
+ and N+ ions (m/q=14) reaching the cathode in dc discharges 

of different mixtures at a total pressure of 2 Pa. Upper panel: discharges in binary mixtures (H2+5% 

CH4 and H2+5%N2). Lower panel: discharge in a ternary mixture (H2+5%CH4+5%N2) and sum of 

the signals corresponding to the binary mixtures of the upper panel. 

 

Figure 9 Same as figure 8, but for the ions CH3
+ and NH+ (m/q=15).  

 



 17

Plasm a
Proce ss
M onitor

G as  
Inpu t

Id c

Bu tterfly
Va lve

 C atho d e

Turbo
pump

PLASM A

 Langmuir
    Probe 
 

Turbo
pump

Io ns

 S H E AT H

Anode  

 
 

 
 

Figure 1 



 18

100 200 300

102

103

104

105

106

100 200 300
101

102

103

Ar++

 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

Ar+

 0.7 Pa(a)

 4 Pa(b)

Ar++  

 

Io
n 

In
te

ns
ity

 (c
c/

s)

E (eV)

Ar+

S/λ=9

 
 

Figure 2 



 19

 

50 100 150 200 250 300
0

2x103

4x103

270 280 290 300
0

1x104

2x104

3x104

50 100 150 200 250 300
0

1x105

2x105

280 300 320 340
0

1x105

2x105

3x105

H+
3

H+

H+
2

 

 

 
Io

n 
In

te
ns

ity
 (c

c/
s)

 

 

 

 

H+
3

H+
x10

H+
2 x 5

(a)

S/λ=13H+
2x10

H+
3

H+
 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

E (eV)

(b)

H3
+

H+ 
2 x 50

 

 

 

 

H+
x 3

 
 

Figure 3



 20

0 1 2 3
0

5

10

15

20

25

30

35

40

45

0 5 10
0

5

10

2Σ+
g

2Σ+
u

from 2Σ+
u

H + H

H + H+

 

 
El

ec
tro

ni
c 

En
er

gy
 (e

V)

Internuclear Separation (A)

H++ H+

1Σ+
g

 

P
ro

to
n 

E
ne

rg
y 

(e
V

)

Intensity (a.u)

 
 

Figure 4 



 21

 
 
 

300 320 340
104

105

106

107

300 320 340
103

104

105

106

Ar++

H+
3

ArH+

 

 
Io

n 
In

te
ns

ity
 (c

c/
s) (a)

(b)

Ar+

H+
2

H+

 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

E (eV)
 

 Figure 5



 22

 

104

105

106

104

105

106

310 320 330 340 350 360
103

104

105

345 350 355

HO+
2

H3O
+

 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

H+
3

(a)

(c)

(b)O+
2

H2O
+

H+
2

OH+

O+

H+
 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

O++

 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

E (eV)

 

OH+x 3

O+x 3

H+  

 

  
  
Figure 6 



 23

 

104

105

106

107

104

105

106

260 270 280 290 300 310 320
103

104

105

300 310

H3
+

N2H
+  

 

Io
n 

In
te

ns
ity

 (c
c/

s) (a)

(b)

N2
+

NH2
+

NH3
+ H2

+

NH4
+

 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

(c)

N++NH+
N+

 

 

Io
n 

In
te

ns
ity

 (c
c/

s)

E (eV)

H+

 

 

 

  

H+

NH+x 6
N+x 6

 
 

Figure 7 



 24

 
 
 

102

103

104

-20 -10 0 10

102

103

104

(b)

E (eV)

 H2+CH4

 H2+N2

Em
 

Io
n 

In
te

ns
ity

 (c
c/

s)
m/q=14 (a)

 

 H2+CH4+N2

 (H2+CH4) + (H2+N2)

 

Io
n 

In
te

ns
ity

 (c
c/

s)

 
 

 
Figure 8



 25

 
 
 

102

103

104

-20 -10 0 10

102

103

104

(b)

E (eV)

 H2+CH4

 H2+N2

Em
 

Io
n 

In
te

ns
ity

 (c
c/

s) m/q=15 (a)

 

 H2+CH4+N2

 (H2+CH4) + (H2+N2)

 

Io
n 

In
te

ns
ity

 (c
c/

s)

 
Figure 9 


